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Abstract. We study Doppler velocity measurements at multiple heights in the solar
atmosphere using a set of six filtergrams obtained by the Helioseismic magnetic Im-
ager on board the Solar Dynamics Observatory. There are clear and significant phase
differences between core and wing Dopplergrams in the frequency range above the pho-
tospheric acoustic cutoff frequency, which indicates that these are really “multi-height”
datasets.
1. Background
In recent helioseismology studies, photospheric Dopplergrams (i.e., maps of the line-
of-sight velocity of the photosphere) obtained by the Helioseismic and Magnetic Imager
(HMI; Schou et al. 2012) on board the Solar Dynamics Observatory (SDO; Pesnell et al.
2012) have been used to investigate the solar interior. Multi-height velocity information
from observations would be very useful not only for helioseismology analyses (e.g.,
Nagashima et al. 2009), but also for other purposes, in particular for studies of the en-
ergy transport by waves in the solar atmosphere (e.g., Jefferies et al. 2006; Straus et al.
2008, 2009; Kneer & Bello Gonza´lez 2011; Bello Gonza´lez et al. 2010).
2. HMI observation datasets
HMI takes filtergrams at 6 wavelengths (+172.0 mÅ (I0), +103.2 mÅ (I1), +34.4 mÅ
(I2), -34.4 mÅ (I3), -103.2 mÅ (I4), and -172.0 mÅ (I5) ) around the Fe i absorption line
at 6173 Å. Standard Dopplergrams provided by the HMI pipeline (Couvidat et al. 2012)
are derived from these six filtergrams. The formation height of the HMI Doppler signal
is estimated to be about 100 km above the τ5000Å = 1 surface (Fleck et al. 2011). In this
study, instead, we try to create multi-height Dopplergrams from the HMI filtergrams.
The observed Fe i line profile shifts in wavelength because of the SDO orbital
motion. Since SDO is in a geosynchronous orbit, the SDO orbital velocity toward the
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Sun is not constant and the absolute value of its line-of-sight (LOS) velocity towards
the Sun reaches up to ∼ 3.5 km s−1 (Schou et al. 2012). Figure 1 shows some sample
observed line profiles. To create these line profiles we averaged the intensity value at
each wavelength over a field of view of 30 degrees square, and hence, the line shift is
basically caused by the observer motion. The vertical dotted line indicates the line shift
calculated from the observer LOS velocity in the data headers. We use this observer
motion to calibrate the multi-height Dopplergrams.
Figure 1. Sample SDO/HMI observed line profiles. Different gray scales indicate
different times, and the numbers on the panel are the observer LOS velocities at
these times. The line shift is caused by the spacecraft velocity. The vertical dotted
line indicates the line shift calculated from the observer LOS velocity in the data
headers.
3. Multi-height Dopplergrams
We calculate three Doppler signals using the set of six filtergrams: Dcore ≡ (I3 −
I2)/(I3 + I2), Dwing ≡ (I4 − I1)/(I4 + I1), and Dfar−wing ≡ (I5 − I0)/(I5 + I0), and
convert them into the Doppler velocity, Vcore = fcore(Dcore), Vwing = fwing(Dwing),
Vfar−wing = ffar−wing(Dfar−wing). To get the conversion formula, we use the spatial av-
erage Doppler signal over a 30-degree-square area near the disc center and the LOS
component of SDO observer motion. The functions f (D) are defined by 3rd-order
polynomial fitting and the fitting parameters are calculated from three-day observation
datasets as shown in Figure 2. Here we use six non-overlapping nine-hour datasets ob-
tained between January 22 0UT and January 24 15UT, 2011, except that we exclude
the period from January 22 18UT to January 23 3UT because it has a long data gap.
We track 30-degree-square quiet-Sun regions at the Carrington rate for nine hours each
using mtrack (Bogart et al. 2011). For each run, the central point of the field of view
passes the disc center at the mid-point of the run.
This method to convert the Doppler signal D into the Doppler velocity V is limited
within a certain velocity range for two reasons: 1) If the velocity is too large, the
Doppler shift of the line is too big and the line center is outside of the blue and red
pairs. For the core (I2 and I3) this limitation is severe; if the velocity exceeds 1.7 km
s−1 the line center is outside the blue and red pair (±34.4 mÅ). 2) Since the SDO motion
is less than ∼ 3.5 km s −1, the fitting is limited within the range.
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Figure 2. Scatter plots of mean Doppler signal and the observer LOS velocity.
The dotted curves are third-order polynomials and obtained by least-square fitting
of the data points. For the core, if the velocity exceeds 1.4 km s−1 (solid horizontal
lines) the data points are not used for the fitting.
4. Do these Doppler shifts really correspond to velocities at multiple heights?
Correlation coefficients between the Doppler velocities of one snapshot at the time of
minimum SDO motion speed on January 23, 2011, are 0.95 (Vcore and Vwing), 0.83
(Vfar−wing and Vwing), and 0.76 (Vfar−wing and Vcore). The phase differences between
pairs of the Dopplergrams, however, show that Vcore, Vwing, and Vfar−wing have promise
as multi-height Dopplergrams. Figure 3 shows the phase differences among the three
Doppler velocities. Figure 3(c) shows clear phase differences between the wing and
core in the frequency range above the photospheric acoustic cutoff frequency (∼ 5.4
mHz). The phases referred to the far-wing are noisier (panels (a) and (b)); this might
be because the far-wing intensity level is very close to the continuum level, and small
fluctuations of the intensity (I0 or I5) might cause large velocity differences. In the g-
mode area (with low frequency and large wavenumber), the sign of the phase difference
is opposite to what we have in the higher frequency range; this might be a signature of
atmospheric gravity waves, which is consistent with e.g, Straus et al. (2008, 2009). This
phase difference also indicates that the two velocities are formed in different heights in
the atmosphere.
Mitra-Kraev et al. (2008) used photospheric and chromospheric intensity datasets,
instead of Dopplergrams, obtained by the Solar Optical Telescope on board the Hinode
satellite. The weak phase shifts above the acoustic cutoff frequency and strong phase
shifts in the g-mode area shown in their Figure 1 are consistent with ours, while the
strong phase difference along the p-mode ridges which they reported is not seen in our
results. The interpretation of the intensity datasets, however, might not be straight-
forward because of radiation effects. Phase differences between two velocity datasets
provide much clearer diagnostics, as they simply measure actual travel times between
the two layers.
To estimate the heights of the contribution layers of the multi-height Doppler-
grams we plan to use line synthesis calculations in a realistic solar atmospheric model
(Nagashima et al. 2013).
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Figure 3. Phase differences: (a)φFar−wing − φWing, (b) φFar−wing − φCore, (c) φWing −
φCore. Clear phase differences in the frequency range above the acoustic cutoff fre-
quency are seen in (c).
Center (DLR), provided the IT infrastructure. This work was carried out using the data
from the SDO HMI/AIA Joint Science Operations Center Data Record Management
System and Storage Unit Management System (JSOC DRMS/SUMS).
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